Experiments were designed to evaluate the susceptibility of mitochondrial membranes enriched with n-3 fatty acids to damage by Ca2+ and reactive oxygen species. Fatty acid content and respiratory function were assessed in renal cortical mitochondria isolated from fish-oil-and beeftallow-fed rats. Dietary fish oils were readily incorporated into mitochondrial membranes. After exposure to Ca2`and reactive oxygen species, mitochondria enriched in n-'3 fatty acids, and using pyruvate and malate as substrates, had significantiy greater changes in state 3 and uncoupled respirations, when compared with mitochondria from rats fed beef tallow. Mitochondrial site 1 (NADH coenzyme Q reductase) activity was reduced to 45 and 85% of control values in fish-oil-and beef-tallow-fed groups, respectively. Exposure to' Ca2+ and reactive oxygen species enhanced the release 'of polyunsaturated fatty acids enriched at the sn-2 position of phospholipids from mitochondria of fish-oil-fed rats when compared with similarly treated mitochondria of beef-tallow-fed rats. This release of fatty acids was partially inhibited by dibucaine, the phospholipase A2 inhibitor, which we have previously shown to protect mitochondria against damage associated with Ca2+ and reactive oxygen species. The results indicate that phospholipase A2 is activated in mitochondria exposed to Ca2+ and' reactive oxygen species and is responsible, at least in part, for the impairment of respiratory function. Phospholipase A2 activity and mitochondrial damage are enhanced when mitochondrial membranes are enriched with n-3 fatty acids.
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Dietary fish oils, enriched in long chain polyunsaturated fatty acids, eicosapentaenoic acid [20:5 (n-3) ; EPA] and docosahexaenoic acid [22:6 (n-3) ; DHA], may be important in the prevention of atherosclerotic vascular diseases (1, 2) . Little is known, however, regarding their potential adverse effects.
Since phospholipase A2 (PLA2) is activated in the presence of peroxidized fatty acids and membranes enriched with n-3 fatty acids will have more unsaturated bonds and likely be more susceptible to peroxidation, these membranes might be more susceptible to PLA2-induced degradation. Lorenz et al. (3) and Von Schacky et al. (4) , however, reported that phospholipid enrichment with n-3 fatty 'acids resulted in decreased eicosanoid production and suggested that n-3 fatty acids serve as poor substrates for PLA2 action.
We and others have implicated PLA2 as a mediator of cellular injury 'associated with Ca2' and reactive oxygen species in ischemia, toxin'exposure, and trauma for the following reasons. (i) Ca2' activates PLA2 (5). (ii) Ca2+ enhances lipid peroxidation (6) and, even in the absence' of increased [Ca2+], PLA2 activation can be potentiated by the presence of peroxidized fatty acids in phospholipids (7) . (iii) Reactive oxygen species enhance vasoactive eicosanoid synthesis in various tissues (6, 8, 9) and PLA2 is the rate-limiting enzyme for eicosanoid production. (iv) Free fatty acids (FFAs) (10) (11) (12) and lysophospholipids (13) (14) (15) , released by PLA2, can damage cell membranes and increase membrane permeability to Ca2+ (16) , thereby increasing cellular [Ca2+] and enhancing the effects listed above.
Mitochondria'play a central role in cell injury associated with many pathophysiological states. PLA2 has been implicated as a mediator of mitochondrial damage (17) . We have reported (18) that Ca2+ and reactive oxygen species produced functional mitochondrial defects that mimicked those produced with ischemia in vivo (19, 20) .
In the present study, we correlated functional abnormalities with changes in mitochondrial phospholipid fatty acid composition as well as the amount and composition of released FFAs after exposure to Ca2+ and reactive oxygen species. The results indicate that mitochondrial membranes enriched with EPA and DHA are more susceptible to PLA2-mediated injury produced by Ca2* and reactive oxygen species, as reflected by reductions in respiratory control, uncoupled respiration, and site I [NADH coenzyme Q (CoQ) reductase] activity of the electron transport chain. These functional disturbances were associated'with enhanced release ofpolyunsaturated fatty acids from mitochondrial membranes. (1 2)(1 4) (1 1)(1 3 Individual fatty acid content is expressed as percent oftotal phospholipid or FFAs (mean ± SEM) where the total includes the added standards. The experiments are analogous to those described for fish-oil-fed rats in Table 1 . ND indicates that measurements were not made. Compared with controls: *, P < 0.05; t, P < 0.01; *, P < 0.001. Dibu, dibucaine. there were reductions in media levels of 18:2, 20:4, and 20:5 FFAs, as compared with Ca2+ and HX/XO exposure alone. Dibucaine did not modify the levels of saturated FFAs that largely occupy the sn-i position of phospholipids. The small release of saturated fatty acids with Ca2+ and HX/XO, not inhibited by dibucaine, indicates the presence of an acylhydrolase activity other than PLA2.
METHODS
When compared with FO mitochondria, BT mitochondria showed fewer changes in phospholipid fatty acid composition after the same level of exposure to Ca2+ and reactive oxygen species ( Table 2 ). As expected, the level of 20:4 (n-6) was much higher and that of 20:5 (n-3) much lower in BT compared with FO mitochondria. The phospholipids in the BT mitochondria showed no significant changes in fatty acid content with any of the treatments, with the exception that 20:4 (n-6) content fell with exposure to HX/XO but was not further reduced by the combination of Ca2+ and HX/XO. Control levels of the 20:5 and 22:6 fatty acids were very low and did not show significant changes. Dibucaine failed to reverse the decrease in the content of the 20:4 fatty acid.
With exposure to HX/XO or to Ca2/+HX/XO, release of A4Ach increased and this increase was diminished, but not significantly, by dibucaine. As with the FO mitochondria the effects ofCa2+ and HX/XO exposure were limited to changes in the major fatty acids occupying the sn-2 position of the phospholipids. Table 3 shows the absolute quantities of A4Ach and EPA released from the FO and BT mitochondria in response to the experimental treatments. As in Tables 1 and 2 , there is an increased release of A4Ach and EPA with exposure to HX/XO or to Ca2+/HX/XO, and a reduction in fatty acid release upon addition of dibucaine. With exposure to Ca2+ and HX/XO, the total amount of medium A4Ach plus EPA was much larger in the FO mitochondria than in BT mitochondria. This is consistent with a greater PLA2 activity in the FO mitochondrial membranes.
DISCUSSION
PLA2 activation is believed to contribute to tissue injury in a number of pathophysiological processes in kidney (17, 24) , brain (25) , heart (26, 27) , and liver (28) . We have suggested (18) that PLA2 activation played an important role in Ca2+-and reactive oxygen species-induced injury to mitochondria. The current experiments supported this hypothesis, since Ca2+ and reactive oxygen species stimulate the selective release of unsaturated fatty acids that is inhibitable by dibucaine, a PLA2 inhibitor.
Membranes enriched with highly unsaturated n-3 fatty acids would be more susceptible to peroxidation by reactive oxygen species, with generation oftoxic lipid hydroperoxides (29) , propagating further damage. Peroxidized fatty acids may also potentiate activation of PLA2 (7), which would amplify the injury. The increased levels of FFAs would in turn likely increase membrane permeability to Ca2+ (16) , which might further activate PLA2. In addition, elevated levels of lysophospholipids, other products of PLA2 activation, reduce mitochondrial membrane potential, and alter mitochondrial Ca2+ uptake and release (30) .
The larger change in unsaturated fatty acid content of membrane phospholipids found in FO mitochondria is consistent with the greater functional impairment in respiratory activity, as compared with BT mitochondria. The increased functional impairment was due, in part, to an increased permeability of the FO mitochondrial membranes to protons Proc. Natl. Acad. Sci. USA 87 (1990) and to a defect in the electron transport chain at site I, NADH CoQ reductase. By using an isolated mitochondrial preparation, we are able to define susceptibility to a well-defined set of pathophysiological stimuli (i.e., Ca2+ and reactive oxygen species). Although these observations are important for the understanding of toxic and ischemic injury "in vivo," we cannot conclude that fish-oil-fed animals will suffer enhanced tissue damage. Other effects of n-3 fatty acids may also modify the degree of tissue damage resulting from ischemia or toxic influences in vivo. Blood flow is enhanced during reperfusion of ischemic hearts in n-3 fatty acid-fed rats (31) , consistent with the enhanced vascular relaxation we found in postanoxic isolated aortic rings from fish-oil-fed rats (32) . Less leukotriene B4, which promotes neutrophil chemotaxis and aggregation, is produced by human monocytes after diets containing n-3 fatty acid supplements (33) . n-3 fatty acids directly impair thromboxane A2 production (22) . Furthermore, neutrophils from humans ingesting fish oil supplements have a reduced ability to produce reactive oxygen species (34) . Thus, predicting tissue damage depends upon an understanding of the complex interactions of all these different factors that are influenced by n-3 fatty acids.
In conclusion, these studies further support a primary role for PLA2 in mitochondrial damage associated with Ca2`and reactive oxygen species. Activation of PLA2 is further enhanced when mitochondria are enriched in n-3 fatty acids. These mitochondrial defects could reduce ATP production and contribute to cell death secondary to various toxic or ischemic influences in vivo. In the organism, these changes may be partially offset by other effects of fish oil supplementation, such as increased postischemic blood flow and reduced chemotaxis with reduced free-radical generation by neutrophils. Nevertheless, it is important to appreciate adverse as well as beneficial effects of n-3 fatty acids to adequately evaluate the consequences of membrane enrichment with these lipids. 
